Abstract
Introduction
required-for example, CHC divergence might occur via changes in protein-coding 80 regions-any genes meeting all three criteria would be excellent candidates. 81 82 Cis-regulatory divergence can be measured genome-wide via high-throughput sequencing 83 of cDNA (RNA-seq) in interspecific hybrids. Hybrids are required because comparisons 84 between species involve a combination of both cis-and trans-acting changes; in contrast, 85 measuring allele-specific expression (ASE) in F1 hybrids neatly controls for potential 86 trans-acting changes, since each allele experiences the same trans-regulatory environment 87 within the hybrid nuclei. Thus, differential expression of the two alleles in a hybrid can 88 only be explained by cis-regulatory divergence. 89
90
To generate genome-wide data covering all three criteria listed above, we performed 91 RNA-seq in D. sechellia/simulans hybrids. To measure female-specificity, we included 92 samples from both male and female oenocytes, and to measure oenocyte-specificity, we 93 included samples from male and female fat bodies (an adjacent non-CHC producing 94
tissue; Lawrence and Johnston 1986). Using this approach, we identified three candidate 95 genes for drivers of CHC differences between the species. Ablation of these genes 96 pointed towards a major role of eloF, a fatty acid elongase, in the reproductive isolation 97 of D. simulans from both D. sechellia as well as the more distantly related D. 98 melanogaster. 99 insufficient to identify a manageable number of candidate genes involved in CHC 124 differences and speciation. 125
126
We reasoned that in addition to ASE, genes important to female CHC differences 127 between D. simulans and D. sechellia would likely be expressed specifically in female 128 oenocytes ( Figure 1B and C). To identify candidate genes, we looked for genes that had 129 significantly higher expression in the female oenocytes compared to both male oenocytes 130 and female fat bodies (Sleuth q-value<0.001 for both comparisons; (Pimentel et al. 131 2017)). Only six genes passed these cutoffs. Reassuringly, one of these was desatF (also 132 known as Fad2), a fatty-acid desaturase which is known to be expressed in D. sechellia 133 female oenocytes, but not in males or in D. simulans (Shirangi et al. 2009) . 134
135
Among the six candidate genes, the only enriched molecular function Gene Ontology 136 terms were related to "fatty acid elongase activity" (GO:0009922 and its parent GO 137 terms), which describe the three genes eloF, CG8534, and bond (in all cases, we use the 138 names of the D. melanogaster orthologs) (Boyle et al. 2004) . All three of these have 139 ELO family domains (Szafer-Glusman et al. 2008) . Both eloF and CG8534 were D. 140 sechellia-biased, while bond was D. simulans-biased. We further detected a weak signal 141 for FASN3, a putative acyl transferase (Table 1) . No other gene that is both oenocyte-and 142 species-specific in its expression has an annotated Gene Ontology term or protein domain 143 that is clearly related to CHC production (Table 1) . 144
Compared to the female oenocytes, male oenocytes had a much weaker signal of ASE 146 among genes with sex-and oenocyte-specific expression (Supplemental Figure 2) . Given 147 the overall weaker signal in male oenocytes, we chose to focus on changes in female 148 CHC production that might drive speciation. 149 150 Male fat bodies had over 80 genes with tissue-and species-specific expression 151 (Supplemental Figure 2A) . Gene ontology analysis of these male fat body genes 152 highlighted several significant GO terms, including "oxidation-reduction process" 153 (p=2.9x10 -7 ) and "catalytic activity" (p=6. To explore the role of our candidate genes on CHC profiles of these species, we 162 performed gas chromatography coupled to mass spectrometry (GCMS). Consistent with 163 previous measurements of hydrocarbon profiles of Drosophila, we found that wildtype D. 164 simulans has more short-chain hydrocarbons than D. sechellia (Figure 2A; In this study, we have found that RNA-seq in F1 hybrids is a rapid, efficient means of 274 identifying genes potentially involved in phenotypic divergence. Neither comparisons of 275 expression across tissues nor of ASE within a single tissue was able to sufficiently 276 narrow the list of candidate genes ( Figure 1C) ; however, the combination of these 277 orthogonal filters, together with gene annotations, allowed us to focus on only three 278 excellent candidate genes. This can be compared with the most widely used alternative 279 for studying the genetic basis of phenotypic divergence, QTL mapping. In QTL mapping, 280 hundreds of progeny from genetic crosses must be genotyped and phenotyped, requiring 281 years of effort even for rapidly reproducing species such as Drosophilids. Moreover, thiseffort leads to QTLs that typically span over a hundred genes, since resolution is limited 283 by infrequent recombinations. Therefore, follow-up studies to test specific genes are 284 often prohibitive. We envision that our approach of intersecting filters based only on 285 RNA-seq in F1s may be widely applicable to other tissue-specific, sex-specific, stage-286 specific, or condition-specific traits that differ between interfertile populations or species. contributing to many cases of reproductive isolation in diverse insects. 367
Materials and Methods

368
RNA extraction and sequencing 369
Oenocyte and fat body dissections were performed as described in Krupp and Levine 370 oenocyte expression divided by maximum expression in female fat bodies, male oenocytes, and 639 female oenocytes) and allele-specific expression p-value (y-axis). Green dots indicate genes with 640 significant ASE compared to the distribution of reads in the female oenocytes, blue dots indicate 641 those that have significantly higher expression in female oenocytes compared to female fat 642 bodies and male oenocytes, and red dots indicate genes with both tissue-specific and species-643 specific expression. 644 C) Overlap of genes with ASE in female oenocytes (green circle), and differential expression in 645 female oenocytes compared to other tissues (blue and cyan circles).
